Strenuous exercise is known to induce oxidative stress leading to the generation of free radicals. The purpose of the present study was to investigate the effects of lycopene, an antioxidant nutrient, at a relatively low dose (2·6 mg/kg per d) and a relatively high dose (7·8 mg/kg per d) on the antioxidant status of blood and skeletal muscle tissues in rats after exhaustive exercise. Rats were divided into six groups: sedentary control (C); sedentary control with low-dose lycopene (CLL); sedentary control with high-dose lycopene (CHL); exhaustive exercise (E); exhaustive exercise with low-dose lycopene (ELL); exhaustive exercise with high-dose lycopene (EHL). After 30 d, the rats in the three C groups were killed without exercise, but the rats in the three E groups were killed immediately after an exhaustive running test on a motorised treadmill. The results showed that xanthine oxidase (XO) activities of plasma and muscle, and muscular myeloperoxidase (MPO) activity in group E were significantly increased compared with group C. Compared with group E, the elevations of XO and MPO activities of muscle were significantly decreased in group EHL. The malondialdehyde concentrations of plasma and tissues in group E were significantly increased by 72 and 114 %, respectively, compared with those in group C. However, this phenomenon was prevented in rats of the ELL and EHL groups. There was no significant difference in the GSH concentrations of erythrocytes in each group; however, exhaustive exercise resulted in a significant decrease in the GSH content of muscle. In conclusion, these results suggested that lycopene protected muscle tissue from oxidative stress after exhaustive exercise.
Strenuous exercise is known to induce oxidative stress leading to the generation of free radicals. The purpose of the present study was to investigate the effects of lycopene, an antioxidant nutrient, at a relatively low dose (2·6 mg/kg per d) and a relatively high dose (7·8 mg/kg per d) on the antioxidant status of blood and skeletal muscle tissues in rats after exhaustive exercise. Rats were divided into six groups: sedentary control (C); sedentary control with low-dose lycopene (CLL); sedentary control with high-dose lycopene (CHL); exhaustive exercise (E); exhaustive exercise with low-dose lycopene (ELL); exhaustive exercise with high-dose lycopene (EHL). After 30 d, the rats in the three C groups were killed without exercise, but the rats in the three E groups were killed immediately after an exhaustive running test on a motorised treadmill. The results showed that xanthine oxidase (XO) activities of plasma and muscle, and muscular myeloperoxidase (MPO) activity in group E were significantly increased compared with group C. Compared with group E, the elevations of XO and MPO activities of muscle were significantly decreased in group EHL. The malondialdehyde concentrations of plasma and tissues in group E were significantly increased by 72 and 114 %, respectively, compared with those in group C. However, this phenomenon was prevented in rats of the ELL and EHL groups. There was no significant difference in the GSH concentrations of erythrocytes in each group; however, exhaustive exercise resulted in a significant decrease in the GSH content of muscle. In conclusion, these results suggested that lycopene protected muscle tissue from oxidative stress after exhaustive exercise.
Lycopene: Xanthine oxidase: Myeloperoxidase: Oxidative stress: Exhaustive exercise Recently, strenuous physical sports such as the iron-man triathlon, cross-country biking, and the ultra-marathon are becoming increasing popular around the world (Wu et al. 2004) . Physical exercise is characterised by an increase in O 2 consumption by the whole body and particularly by muscle. The increase in O 2 uptake is associated with a rise in the production of reactive oxygen species. This leads to an increase in lipid peroxidation, and an impairment of both enzymic and non-enzymic antioxidant defence systems of target tissues and blood (Clarkson & Thompson, 2000) . Many studies have indicated that both xanthine oxidase (XO) and myeloperoxidase (MPO) are responsible for exhaustive exercise-induced oxidative stress in several tissues including muscle, liver, and heart. During exhaustive exercise, XO activity was significantly increased in the circulation and tissues (Westing et al. 1989; Kumar et al. 1992; Radak et al. 1995; Vina et al. 2000) . XO, a metalloflavoprotein, is an important source of oxygen free radicals. It can catalyse the reduction of O 2 , leading to the formation of superoxide (O z -2 ) and H 2 O 2 , which has been proposed as a central mechanism of oxidative injury in some situations (McCord, 1985) . Tidball (2005) showed that neutrophils rapidly promote muscle damage after exercise. Human and animal studies have also demonstrated that MPO activity in tissue, a marker for neutrophil infiltration, is associated with strenuous exercise-induced tissue damage (Fielding et al. 1993; Belcastro et al. 1996) .
Recent research suggests that supplementations of certain antioxidant nutrients are practicable for physically active individuals to recover from tiredness faster and prevent exercise damage (Banerjee et al. 2003) . Many studies have indicated that antioxidant nutrient supplementations, such as vitamin C and vitamin E, prevented strenuous exercise-induced oxidative injury in human subjects and rats (Kumar et al. 1992; Reddy et al. 1998; Heunks et al. 1999; Khanna et al. 1999; Atalay et al. 2000; Mastaloudis et al. 2004) . Lycopene, a carotenoid mostly found in tomatoes and tomato products, is a powerful antioxidant with a singlet-oxygen-quenching capacity greater than that of b-carotene and vitamin E by 47 and 100 times, respectively (Di Mascio et al. 1989) . However, the role of lycopene in exhaustive exercise-induced oxidative stress in human subjects or animal studies has not been investigated so far. Therefore, the present study has been undertaken with an animal model to investigate the effects of lycopene supplementation on XO and MPO activities in rats after exhaustive exercise. Furthermore, the analysis of lipid peroxidation (malondialdehyde; MDA) and antioxidative substance (GSH) were also performed in the present study.
Materials and methods

Animals
The design of the experimental animal model was modified from the studies of Husain (2003) . Male Sprague -Dawley rats weighing 260-280 g (National Laboratory Animal Breeding and Research Center, National Science Council, Taipei, Taiwan) were used in the present study. All rats were given Purina 5001 powder chow (Rodent Laboratory Chow 5001; Purina, St Louis, MO, USA) and tap water ad libitum and housed in a room maintained at 23^2 8C and a 12 h light -dark cycle. Animals were randomly divided into six groups, such as sedentary control (C), sedentary control with a relatively low-dose lycopene (2·6 mg/ kg per d; CLL), sedentary control with a relatively high-dose lycopene (7·8 mg/kg per d; CHL), exhaustive exercise (E), exhaustive exercise with low-dose lycopene (ELL) and exhaustive exercise with high-dose lycopene (EHL). Lycopene was incorporated into the diet as a tomato oleoresin containing 6 % lycopene (Lyco-Red Natural Products Industries Ltd, Beer-Sheva, Israel). The experiment was approved by the Institutional Animal Care and Usage Committee of the Yuan Pei University of Science and Technology and followed the guidelines established by the National Laboratory Animal Breeding and Research Center in Taiwan.
Exercise protocol
All rats in the three exercise groups were introduced to treadmill running with 15 -20 min exercise bouts at 15 -30 m/min for 6 d to accustom them to running. In the formal run, rats warmed up for 15 min running at the speed of 15 m/min. Then rats progressed to running for 15 min at 20 m/min and 30 min at 25 m/min. Finally, rats ran to exhaustion on the treadmill at a final speed of 30 m/min, 10 % gradient and approximately 70 -75 % VO 2 max (Brooks & White, 1978) . The treadmill was equipped with an electric shocking grid on the rear barrier to provide the animal with exercise motivation (T510E treadmill device; DR Instrument, Taipei, Taiwan). The point of exhaustion was determined as when the rat was unable to right itself when placed on its back. To eliminate diurnal effects, the experiments were performed at the same time (09.00 -12.00 hours).
Sample preparation
The rats in the three C groups were anaesthetised with ethyl ether and killed after 12 h fasting without exercise. Then, the rats in the exercise groups were killed immediately after exhaustive exercise. Heparinised blood samples were collected from the abdominal aorta, and skeletal muscle tissue was carefully removed, rinsed in ice-cold normal saline, blotted dry and stored at 280 8C for further analysis. Blood samples were centrifuged at 1400 g at 48C for 10 min. The supernatant fractions (plasma) were used for the determination of plasma parameters. The parts of pellets (erythrocytes) were washed three times with icecold saline. The erythrocytes were then re-suspended in four packed cell volumes of ice-cold distilled water to prepare haemolysate. All chemicals used in the present study were purchased from Sigma Chemical Co. (St Louis, MO, USA) unless stated otherwise.
Lycopene analysis
Plasma and hepatic lycopene were determined with slight modification of a previous study (Lederman et al. 1998) . Approximately 1 g liver was homogenised in 4 ml absolute ethanol (containing 1 g butylated hydroxytoluene/l) with a tissue homogeniser (Polytron PT3100; Brinkmann Instruments, Littau, Switzerland). Homogenate was saponified by the addition of 1 ml saturated KOH. The mixture was saponified at 708C in a water-bath for 30 min. After the sample was cooled to room temperature, the extract was washed with 2 ml deionised water and extracted three times with 6 ml n-hexane. The n-hexane layer (1 ml) was evaporated to dryness under vacuum. The residue was re-dissolved in 400 ml methanol, and 50 ml of sample was subjected to HPLC. The analytical HPLC system for the determination of lycopene concentration was a commercial system (Hitachi Ltd, Tokyo, Japan), including a pump (model L-7100), an autosampler (model L-7200), and a diode array detector (model L-7455; 220-800 nm, set at 470 nm). Separations were performed using a 250 £ 4·6 mm, Ace 5 C18 reversed-phase column (ACE-121-2546; Advanced Chromatography Technologies, Aberdeen, UK). The mobile-phase mixture of methanol and toluene (3:1, v/v) was used at a flow rate of 1·5 ml/min. The retention time for the lycopene standard was 5·2 min. Lycopene was estimated as a single peak containing all-trans and cis isomers (Jain et al. 1999) . Pure all-trans lycopene was used as an external standard. Quantification of the lycopene was made from measurements of peak areas in relation to standards chromatographed under the same conditions.
Plasma parameters
Plasma was used for the determination of aspartate aminotransferase (AST), alanine aminotransferase (ALT), lactate dehydrogenase (LDH), creatine kinase (CK), and uric acid (UA) with an automatic analyser (Hitachi 7170; Hitachi Ltd).
The haemoglobin concentration in erythrocyte haemolysates
In order to express the antioxidant level per g Hb, total Hb concentration of erythrocyte haemolysates was measured spectrophotometrically at 540 nm using a commercial kit (HG 890; Randox Laboratories, County Antrim, UK).
Total protein concentration in skeletal muscle tissues
In order to express the antioxidant enzymes activities per g protein, total protein concentration of tissue samples was spectrophotometrically estimated according to the method of Lowry et al. (1951) using a Bio-Rad DC protein assay kit (catalogue no. 500-0116; Bio-Rad Laboratories, Hercules, CA, USA).
Xanthine oxidase activities in plasma and skeletal muscle tissues XO activities of plasma and tissue samples were determined by the method of Westerfeld et al. (1959) . Diluted sample was added to xanthine (0·1 mmol/l; dissolved in sodium phosphate buffer (50 mmol/l); pH 7·5). XO activity was measured at 25 8C on a Hitachi U-2000 spectrophotometer at 290 nm for 3 min. A unit of XO activity was that forming 1 mmol urate/min at 258C. Activity was expressed in mU/ml in plasma and in U/g protein for specific activity in tissue samples.
Myeloperoxidase activity in skeletal muscle tissues MPO activity of tissue samples was determined as a marker enzyme for measuring neutrophil accumulating in tissue samples, because it is closely correlated with the number of neutrophils present in the tissue (Mullane et al. 1985) . MPO activity was determined by the method of Schierwagen et al. (1990) . A portion of diluted sample (50 ml) was added to 1 ml of mixed substrate containing H 2 O 2 (3 mmol/l) dissolved in 3,3 0 ,3,5 0 -tetramethylbenzidine (R&D Systems Inc., Minneapolis, MN, USA). MPO activity was measured at 37 8C on a Hitachi U-2000 spectrophotometer at 655 nm for 3 min. One unit of MPO activity was defined arbitrarily as the amount of enzyme necessary to catalyse an increase in absorbance of 1·0 at 655 nm per min at 378C. MPO activity was expressed as U/mg protein for specific activity in tissue samples.
Lipid peroxidation in plasma and skeletal muscle tissues
The MDA concentrations of plasma and tissue samples were assessed colorimetrically at 586 nm using a commercial kit (Calbiochem 437634; Calbiochem-Novabiochem, La Jolla, CA, USA). Concentration was expressed in mmol/l in plasma and in mmol/mg protein in tissue samples.
Reduced glutathione concentrations in erythrocytes and skeletal muscle tissues
The concentrations of GSH in erythrocyte haemolysates and tissue samples were determined spectrophotometrically at 400 nm using a commercial kit (Calbiochem 354102; Calbiochem-Novabiochem). Concentration was expressed in mmol/mg Hb in haemolysates and in mmol/mg protein in tissue samples.
Statistical analysis
Values are expressed as means with their standard errors. To evaluate differences between the groups studied, two-way ANOVA with Fisher's post hoc test was used. SAS software (version 8.2; SAS Institute Inc., Cary, NC, USA) was used to analyse all data. Differences were considered statistically significant when P, 0·05.
Results
Body weight and endurance time
At the end of 30 d, body weight in groups C, CLL, CHL, E, ELL and EHL were 429 (SEM 6), 416 (SEM 11), 413 (SEM 20), 414 (SEM 10), 421 (SEM 5), and 423 (SEM 9) g, respectively. There was no significant difference in body weight between each group. The mean endurance time of treadmill running to exhaustion was 64 (SEM 4), 65 (SEM 5), and 63 (SEM 5) min, respectively, for groups E, ELL and EHL; there was no significant difference among the three groups.
Plasma and hepatic lycopene concentration
No lycopene was detected in plasma in all groups. In contrast, hepatic lycopene concentrations in groups CLL, CHL, ELL and EHL were 0·97 (SEM 0·15), 3·58 (SEM 0·59), 0·97 (SEM 0·11), and 3·95 (SEM 0·68) mg/g liver, respectively, whereas no lycopene was detected in groups C and E. Hepatic lycopene concentration in group CHL was significantly increased by 2·69-fold compared with that of group CLL (P, 0·05). EHL group also showed significantly higher hepatic lycopene content by 3·07-fold, when compared with group ELL (P, 0·05).
Plasma aspartate aminotransferase, alanine aminotransferase, lactate dehydrogenase, creatine kinase, and uric acid levels Plasma AST, ALT, LDH, CK, and UA levels in group E were all significantly elevated by 135, 58, 208, 744 and 413 %, respectively, compared with those in group C (P, 0·05) ( Table 1) . However, there was no difference between each group in the plasma level of AST, ALT, LDH, CK, and UA.
Xanthine oxidase activities in plasma and skeletal muscle tissues
As shown in Table 2 , XO activities of plasma and muscle in group E were significantly elevated by 35 and 47 %, respectively, compared with that in group C. However, the muscular XO activities were significantly lower by 20 and 23 %, respectively, in groups ELL and EHL compared with group E (P, 0·05).
Myeloperoxidase activity in skeletal muscle tissues
MPO activity in the skeletal muscle is shown in the Table 2. In comparison with group C, MPO activity of muscle in group E was significantly higher by 30 % (P, 0·05). Compared with group E, muscular MPO activity was significantly lower by 27 % in group EHL (P,0·05).
Lipid peroxidation in plasma and skeletal muscle tissues
MDA, a quantitative marker of lipid peroxidation, was measured in plasma and skeletal muscle as shown in Table 3 . The MDA levels of plasma and muscle in group E were significantly higher by 72 and 114 %, respectively, compared with group C (P,0·05). Inversely, the extents of the elevations were significantly less in groups ELL and EHL, compared with group E (P,0·05). Mean values within a row with unlike superscript letters were significantly different by ANOVA (P,0·05).
* Group C, control group. † Group CLL, control group supplemented with low-dose lycopene. ‡ Group CHL, control group supplemented with high-dose lycopene.
§ Group E, exhaustive exercise group. k Group ELL, exhaustive exercise group supplemented with low-dose lycopene.
{ Group EHL, exhaustive exercise group supplemented with high-dose lycopene. Table 2 . Mean values within a row with unlike superscript letters were significantly different by ANOVA (P, 0·05).
{ Group EHL, exhaustive exercise group supplemented with high-dose lycopene.
Reduced glutathione concentrations in erythrocytes and skeletal muscle tissues
There was no significant difference in the GSH concentrations of erythrocytes among each group (Table 3) . But, muscular GSH content was significantly lower by 34 % in group E than in group C (P,0·05). No significant differences were observed among group E, ELL, and EHL.
Discussion
The laboratory rat is a commonly used model for the evaluation of exhaustive exercise effects on biochemical changes in man. The present study aimed to examine lycopene supplementation in relation to exhaustive exercise-induced oxidative injury in a rat model. Hepatic lycopene concentrations increased significantly when rats ingested the lycopene-containing diet in the present study. The present results were consistent with the previous report. This research indicated that lycopene was absorbed and distributed to liver and other tissues (Jain et al. 1999) .
Effects of exhaustive exercise and lycopene supplementation on exercise time
In the present research, no matter whether supplementing lycopene or not, groups E, ELL, and EHL did not have an obvious difference in time of proceeding exercise. The results showed that lycopene supplementation did not influence the performance of exhaustive exercise in rats.
Effects of exhaustive exercise and lycopene supplementation on liver injury
Previous studies have indicated that exhaustive exercise increases AST and ALT activities and results in acute liver damage, including necrosis of the central veins of hepatic lobules, a reduction of hepatocytes number in the microvillus, and a decrease of the endothelium of hepatic veins (Bowers et al. 1978) . In the present study, compared with group C, the AST and ALT activities in the plasma of group E were significantly higher by 135 and 58 % respectively (Table 1) . That is to say, the liver damage might be induced by exhaustive exercise in the present study. This result is also consistent with the previous report by Bowers et al. (1978) . However, rats in the lycopene supplementation groups, not only in the CLL and CHL groups but also in the ELL and EHL groups, did not display any differences in AST and ALT activities ( Table 1) .
Effects of exhaustive exercise and lycopene supplementation on cardiac injury
Much research has indicated that exercise increases plasma LDH activity, which is the index of heart injury. Researchers speculated that free radicals resulting from exercise cause cardiac injury and then LDH is released from cardiocytes into the blood (Itoh et al. 2000) . In the present study, compared with group C, the plasma LDH activity of group E was significantly higher, being three times as high (Table 1 ). This result showed that the acute cardiac injury was induced by exhaustive exercise in this experiment. However, lycopene supplementation did not suppress the elevation of LDH activity in plasma (Table 1) . We speculated Mean values within a row with unlike superscript letters were significantly different by ANOVA (P,0·05).
that cardiac injury might not be evaluated only by the plasma LDH activity. Cardiac pathological observation is necessary in the next study.
Effects of exhaustive exercise and lycopene supplementation on hyperuricaemia
Previous research has indicated that exhaustive exercise increases the XO activity and further increases the metabolic rate of purine to uric acid in the tissue (Hellsten-Westing et al. 1994; Koyama et al. 1999) . Besides, research also reported that exhaustive exercise affects the renal function, resulting in the reduction of nephron glomerular filtration rate and uric acid excretion (Goto et al. 1989) . In the present study, the plasma uric acid content in group E increased by about 4-fold, when compared with group C (Table 2 ). The result of the research was the same as previous ones and it showed that exhaustive exercise increased uric acid production or decreased uric acid excretion, which led to hyperuricaemia. When rats with exercise were administered lycopene, such as the rats in groups ELL and EHL, the plasma uric acid contents were no different when compared with rats in group E (Table 2) . Thus, lycopene supplementation did not inhibit acute hyperuricaemia caused by exhaustive exercise in the present study.
Effects of exhaustive exercise and lycopene supplementation on muscle injury
In animal experiments, many researchers have already reported that exhaustive exercise elevates CK activity in skeletal muscle. The high CK activity leads to oxidative damage and increases lipid peroxidation in the plasma or muscles significantly (Itoh et al. 2000; Jimenez et al. 2001; Marquez et al. 2001; Zajac et al. 2001) . In the present study, compared with group C, the plasma CK activity of group E was significantly increased about 7-fold (Table 1) , and the MDA contents in the plasma and muscle were also significantly raised 0·8-and 1·11-fold respectively (Table 3) . Inversely, the muscular GSH content was significantly reduced in group E (Table 3 ). The exhaustive exercise caused oxidation damage, increasing lipid peroxidation significantly in the plasma and muscle, and decreasing the contents of antioxidant significantly. Lycopene is a kind of antioxidant. The intake of lycopene-rich food or lycopene supplementation is able to decrease the formation of lipid peroxidation MDA (Pan et al. 2004 ). In addition, lycopene also inhibits the decrease of GSH in cells (Leal et al. 1999; Gupta et al. 2003) . In our research, the supplement of lycopene significantly decreased MDA not only in plasma but also in muscular tissue (Table 3) . These results showed that a supplement of lycopene efficiently inhibits lipid peroxidation induced by exhaustive exercise. However, the lycopene supplement did not affect GSH levels, both in erythrocytes and muscle in the present study. It has been indicated that exhaustive exercise leads to the release of MPO from neutrophils and then induces severe oxidative damage (Belcastro et al. 1996; Suzuki et al. 1996; Yamada et al. 2000; Morozov et al. 2003) . MPO is regarded as not only an index of inflammation but also as an index of oxidative damage. In the present study, the muscular MPO activity of group E was obviously higher than that of group C (Table 2) . It showed that exhaustive exercise caused muscle injury by increasing the activity of MPO. On the other hand, the activity of MPO in the muscle of group EHL is significantly lower than that of group E (Table 2) . Thus, this result indicated that the supplement of lycopene decreased muscular MPO activity after exhaustive exercise. There is only one scientific study that reports decreasing the activity of MPO by lycopene (Reifen et al. 2004) , but the mechanism still needs to be investigated in further research.
In conclusion, the present results suggest that: (1) the exhaustive exercise induced oxidative stress and might impair the cardiac, hepatic, renal and muscular functions; (2) lycopene supplementation improved the oxidative damage caused by exhaustive exercise by means of decreasing XO and MPO activities and MDA level in muscular tissue; (3) the non-effectiveness of lycopene supplement on plasma profiles, such as AST, ALT, LDH, CK, and UA levels, still need further investigation and pathological observation is necessary in a future study, including heart, liver, kidney or muscle.
